Accumulating data suggest that adrenomedullin (ADM) regulates the trophoblast cell growth, migration, and invasion. However, the effect of ADM on trophoblast differentiation is poorly understood. In this study, we hypothesized that ADM promotes the differentiation of trophoblast stem cells (TSCs) into trophoblast giant cells (TGCs). Using rat TSCs, Rcho-1 cells, we investigated the effect of ADM on TSC differentiation into TGCs in differentiation or stem cell media, respectively, and explored the effect of ADM on the mechanistic target of rapamycin (MTOR) signaling in trophoblast cell differentiation. The results include: 1) in the presence of differentiation medium, 10 À7 M ADM, but not lower doses, elevated (P , 0.05) Prl3b1/Esrrb (i.e., the ratio of mRNA levels) by 1.7-fold compared to that in control; 2) the supplementation of ADM antagonist, regardless of the concentration of ADM, reduced (P , 0.05) Prl3b1/Esrrb by 2-fold, compared to control group, while the supplementation of CGRP antagonist, regardless of the concentration of ADM, did not change Prl3b1/Esrrb; 3) in the presence of stem cell medium, ADM did not alter the expression of TSC and TGC marker genes, however, the ratio of Prl3b1/Esrrb was reduced (P , 0.05) by ADM antagonist compared to that in control; and 4) ADM increased (P , 0.05) phosphorylated MTOR proteins and the ratio of phosphorylated to total MTOR proteins by 2.0-and 1.7-fold, respectively. The results indicate that ADM promotes but does not induce the differentiation of TSCs to TGCs in a dose-dependent manner and MTOR signaling may play a role in this process.
INTRODUCTION
Trophoblast giant cells (TGCs) play versatile functions as pregnancy advances with secretion of a variety of agents, including steroid hormones and prolactin-related peptides at different stages [1] , and thus are critical for implantation and placentation. TGCs, together with a variety of differentiated trophoblast lineages, are originally derived from the same progenitor: trophoblast stem cells (TSCs). In general, the differentiation of TSCs is complicated because multiple genes get involved in this process as determined by knockout, knockdown, and transgenic techniques [2] [3] [4] . To date, the differentiation of TSCs into TGCs has been intensively studied in trophoblast biology, with the application of mouse or rat TSC lines [5] [6] [7] . Recently, Kent et al. [8] reported that PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase)-signaling pathway plays a critical role in the differentiation of TSCs, and this study sheds new light on the study of trophoblast cell differentiation because a large number of genes relevant to TSC differentiation were identified by DNA microarray analysis. Among those differentially expressed genes regulated by PI3K signaling, adrenomedullin (Adm) expression was highly increased in the differentiated trophoblast cells.
ADM, a member of calcitonin/calcitonin gene-related peptides (CALCA/CGRP) family, is produced by multiple tissues and organs, including placenta. The physiological or cellular effects of ADM are dependent on the type of tissues or organs, especially the distribution of its receptors consisting of CALCRL (calcitonin receptor-like) and receptor activitymodifying proteins (RAMP) [9] . Three known RAMPs facilitate ligands (ADM, CGRP, and ADM2) binding to CALCRL. Heterodimeration of RAMP2 or RAMP3 with CALCRL results in specific ADM receptor 1 and ADM receptor 2, respectively, while combination of RAMP1 with CALCRL forms CGRP receptors. The presence of specific receptor components determines signaling pathways induced by ADM binding. For instance, in the vascular relaxation, ADM receptor 2 in vascular smooth muscle is involved in stimulating endothelium-independent pathway and ADM receptor 1 in vascular endothelial cells is involved in stimulating endothelium (NO)-dependent pathway [9] . Moreover, ADM receptor 1 and 2 are selectively inhibited by truncated protein ADM and CGRP , respectively [10] ; thus, they are widely used as antagonists in the study of ADM functions and signaling pathways.
In both humans and rats, maternal plasma ADM levels progressively increase with pregnancy [11, 12] , and fetoplacental tissue is considered the major source of ADM during pregnancy [13] . During pregnancy, ADM has been suggested to play a critical role in the regulation of implantation and placentation because of its functions in angiogenesis, immune modulation, vasodilation, and other functions [14] . On the other hand, Adm-null mice are embryonic lethal [15] , and a decrease in maternal expression of Adm results in impaired fertility, placentation, and fetal growth [16] , supporting the importance of ADM in implantation and placentation. To date, the functions of ADM in implantation and placentation and associated mechanisms have not been completely understood.
Accumulating evidence indicates that ADM may regulate TSC differentiation by PI3K-AKT (thymoma viral protooncogene)-MTOR (mechanistic target of rapamycin) signaling pathway. ADM is known to exert its effects by stimulating the cAMP/PKA-signaling pathway in smooth muscle cells and cAMP/calcium/calmodulin signaling in endothelial cells [9] . PI3K-AKT signaling pathway has been demonstrated to play a crucial role in rodent trophoblast cell differentiation, and enhanced ADM expression is associated with the differentiation of TSCs [8] . In addition, it is well-known that PI3K is one of the upstream regulators of MTOR-signaling pathway in trophoblast cells in humans [17] , mice [18] , rats [19] , and sheep [20] . However, the role of MTOR signaling has not been linked to TSC differentiation. In this study, we hypothesized that ADM enhances the differentiation of TSCs and the MTOR-signaling pathway is involved in this process. Using Rcho-1 rat TSCs, a well-characterized in vitro model for studying trophoblast [7] , we investigated the effects of ADM on TSC differentiation. Marker genes for trophoblast lineages have been widely used to assess the differentiation status of TSCs in vivo, ex vivo, or in vitro [1, [21] [22] [23] [24] . We assessed the ratios of differentiation marker genes (Prl3b1, Prl2c1) to stem cell marker genes (Esrrb, Id1) in the presence or absence of ADM and/or its antagonists in the culture media. We also investigated effects of ADM on phosphorylation of MTOR proteins, a crucial event in the activation of MTOR-signaling pathway.
MATERIALS AND METHODS

Cell Culture
In study one, we tried to optimize the culture conditions for TSCs and TGCs in our laboratory. Rat TSCs (Rcho-1 cells, generously provided by Dr. Thomas L. Brown) was seeded in 6-well culture plates, and cultured in stem cell medium (RPMI-1640 with L-glutamine supplemented with 20% fetal bovine serum, 1 mM sodium pyruvate, 50 lM 2-mercaptoethanol, 100 lg/ml penicillin/streptomycin, and 20 mM HEPES) overnight. Culture medium was replaced with differentiation medium (NCTC-135 medium with 1% horse serum, 1 mM sodium pyruvate, 50 lM 2-mercaptoethanol, 100 lg/ml penicillin/streptomycin, and 20mM HEPES), and the cells were cultured for 2, 4, or 6 days with culture medium changed every other day. Images were recorded on cultured cells under an Olympus U-TV1 microscope before harvest. On each harvesting day, culture medium was aspirated. Cells were washed in 13 PBS briefly, then lysed in Trizol reagent (15596-018; Invitrogen) for total RNA extraction.
In study two, we investigated the effect of ADM on TSC differentiation into TGCs in differentiation medium. Rat TSCs were seeded in 6-well culture plates and cultured in stem cell medium overnight. Culture medium was replaced with differentiation medium only or differentiation medium with ADM (10
À7 M), and/or their combinations. Cells were cultured for 6 days with culture medium changed every other day. Upon harvest, culture medium was aspirated. Cells were washed in 13 PBS briefly, then lysed in Trizol reagent for total RNA extraction or lysed in RIPA buffer (9806; Cell Signaling Technologies) for protein extraction.
In study three, we investigated the effect of ADM on TSC differentiation into TGCs in stem cell medium. Rat TSCs were seeded in 6-well culture plates and cultured in stem cell medium overnight. Culture medium was replaced with stem cell medium only or stem cell medium with ADM (10 À7 M) and/or ADM antagonist (10 À7 M), and the cells were cultured for 4 days with culture medium changed every other day. Upon harvest, culture medium was aspirated. Cells were washed in 13 PBS briefly, then lysed in Trizol reagent for total RNA extraction.
In study four, we explored the role of MTOR protein in ADM-promoted TSC differentiation into TGCs. Rat TSCs were seeded in 6-well culture plates and cultured in stem cell medium overnight. Culture medium was replaced with differentiation medium only or differentiation medium with other treatments (ADM: 10 À7 M; ADM antagonist, ADM 22-52 , 10 À7 M; COMB: ADM þ ADM antagonist, 10 À7 M), and the cells were cultured for 6 days with culture medium changed every other day. Upon harvest, culture medium was aspirated. Cells were washed in 13 PBS briefly and used for protein extraction.
RNA Extraction and RT-PCR
Total RNA was extracted from cultured cells by Trizol reagent according to the manufacturer's protocol. The possible genomic DNA in total RNAs was digested with RNA-free DNase I (79254; Qiagen Inc.), followed by clean-up procedures using a Qiagen RNeasy minikit (74104; Qiagen Inc.). In all these procedures, the manufacturer's instructions were followed. Complementary DNA (cDNA) was synthesized from 1 lg of total RNA by reverse transcription in a total volume of 20 ll by using a MyCycler Thermal Cycler (170-9703; Bio-Rad Laboratories) under the following conditions: one cycle at 288C for 15 min, 428C for 50 min, and 958C for 5 min.
Quantitative Real-Time PCR Real-time PCR detection was performed on a CFX96Real-Time PCR Detection System (184-5096; Bio-Rad Laboratories). Primers were prepared as described previously [25, 26] . Syber Green Supermix (170-8882; Bio-Rad Laboratories) was used for amplification of esrrb, Id1, Prl3b1, Prl2c1, and Rn18s. The reaction mixture was incubated at 958C for 10 min and cycled according to the following parameters: 958C for 30 sec and 608C for 1 min for a total of 40 cycles. Negative control without cDNA was performed to test primer specificity. In study one, the relative gene expression was calculated by use of the threshold cycle (C T ) Rn18s/C T target gene. In studies two and three, to determine the effect of differentiation medium or ADM on TSC differentiation, the ratio of C T values of differentiation marker genes to C T values of stem cell marker genes was calculated.
Protein Extraction from Cells
Cells were lysed in RIPA buffer. Cell lysates were centrifuged for 10 min at 1000 3 g at 48C, and the supernatant fractions were collected and stored at À808C until Western blot analysis. Protein concentration was determined by using a Pierce BCA Protein Assay Kit (23225; Pierce Biotechnology).
Western Blot Analysis
Aliquots of 20 lg proteins were added with 43 sample buffer ( NP0007; Invitrogen), followed by incubation at 708C for 10 min. The separated proteins in SDS-PAGE were transferred onto a nitrocellulose membrane at 48C overnight. After blocking in 5% nonfat milk, a rabbit anti-MTOR polyclonal immunoglobulin G (IgG) (2983; Cell Signaling) or a rabbit anti-phosphorylated MTOR (Ser 2448 ) polyclonal IgG (2971; Cell Signaling) at 1:2000 dilutions was added to nitrocellulose membrane and incubated at 48C overnight. The blots were washed and incubated with horseradish peroxidase-conjugated goat antirabbit IgG (4030-05; Southern Biotech) at 1:2000 dilutions at room temperature for 1 h. TUBB (b-tubulin) was used as an internal control for Western blots in this study. Primary antibody, rabbit monoclonal antibody for TUBB (2128S; Cell Signaling), and secondary antibody, horseradish peroxidase-conjugated goat anti-rabbit IgG (4030-05; Southern Biotech), were used at 1:5000 and 1:10 000 dilutions, respectively. Proteins in the blots were visualized with Pierce enhanced chemiluminescence detection (32209; Thermo Scientific) and Blue Lite Autorad Film (F9024; BioExpress) according to the manufacturer's recommendations. The signals in films representing the contents of the target proteins and the internal control protein TUBB were quantified by densitometry using Fluorchem 8000 software (Cell Biosciences). The relative amount of target protein was expressed as a ratio to TUBB analyzed by Western blot analysis.
Statistical Analysis
All the quantitative data were subjected to least-squares analysis of variance (ANOVA) by using the general linear models procedures of the Statistical Analysis System (SAS Institute). Data on gene expression and the relative abundance of proteins were analyzed for effects of ADM and its antagonist. In ANOVA, differences in treatments were determined by the Student-NewmanKeuls multiple comparison test. Log transformation of variables was performed when the variance of data were not homogenous among the treatment groups, as assessed by the Levene test. A P-value 0.05 was considered significant; a P-value . 0.05 and 0.10 was considered a trend toward significance. Data were presented as least-squares means with overall standard errors.
RESULTS
The Differentiation of TSCs occurs in Differentiation Medium
TSCs were small, and the nuclei were not very obvious under the microscope (Fig. 1A) . After culturing in differentiation medium for 6 days, trophoblast cells demonstrated the typical phenotype of differentiated trophoblast cells, primarily TGCs. The cell size was largely increased; the area of the nucleus expanded and multiple nuclei were present, while TSCs continued to proliferate and aggregate together (Fig. 1B) .
The differentiation status of cultured cells was indicated by the relative mRNA levels of TSC marker genes (Esrrb, Id1) and TGC marker genes (Prl3b1, Prl2c1). The presence of GAO ET AL. differentiation medium reduced (P , 0.01) the expressions of Esrrb and Id1 by 3.4-and 2.1-fold, respectively, by 2 days, and the reduced expression of these genes were maintained thereafter. In contrast, the presence of differentiation medium increased (P , 0.001) the expressions of Prl3b1 and Prl2c1 by 5.2-and 7.0-fold, respectively, by 4 days in culture (Fig. 2) . These indicate that the differentiation of TSCs into TGCs occurred progressively when TSCs were cultured in differentiation medium and the application of these TSC and TGC marker genes were reliable.
ADM Promotes TSC Differentiation in Differentiation Medium, While Its Antagonist Blocks This Effect
In the presence of differentiation medium, ADM (10 À7 M) caused elevation (P , 0.05) in the Prl3b1/Esrrb ratio by 1.7-fold compared to that in control, but 10 À9 and 10 À8 M ADM did not change this ratio; the treatment with ADM antagonist (ADM ), regardless of the concentration of ADM, reduced (P , 0.05) the Prl3b1/Esrrb ratio by 2-fold compared to that in the control group. However the CGRP antagonist (CGRP ) treatment, regardless of the concentration of ADM, did not change the Prl3b1/Esrrb ratio (Fig. 3) .
ADM Does Not Induce TCS Differentiation in Stem Cell Medium
In the presence of stem cell medium, the supplementation of ADM, ADM antagonist, and their combination did not alter the expressions of both TSC and TGC marker genes. However, the Prl3b1/Esrrb ratio was reduced (P , 0.05) by ADM antagonist compared to that in the control group, and this ratio was comparable between ADM supplementation and control groups (Fig. 4) . 
ADM PROMOTES TROPHOBLAST DIFFERENTIATION
ADM Promotes TSC Differentiation by Activating MTOR
ADM treatment caused increases (P , 0.05) in the abundance of phosphorylated (Ser 2448 )MTOR proteins by 2.0-fold, and in the ratio of phosphorylated to total MTOR proteins by 1.7-fold. Treatment of ADM antagonist itself or the combination of ADM and ADM antagonist resulted in increases (P , 0.05) in the abundance of phosphorylated MTOR proteins and the ratio of phosphorylated to total MTOR proteins (Fig. 5) .
DISCUSSION
This study for the first time demonstrates that ADM promotes TSC differentiation to TGCs. The effect of ADM appears to be through the ADM receptor consisting of CALCRL and RAMP2. Moreover, the activation of MTOR protein appears to be involved in ADM-enhanced TSC differentiation. This study together with our previous reports of placental and fetal growth restriction in the ADM antagonist-infused pregnant rats [27, 28] suggest a possible role of ADM in placental growth and trophoblast differentiation.
ADM promotes TSC differentiation in a dose-dependent manner (Fig. 3 ) but does not initiate TSC differentiation (Fig.  4) . Among the three doses of ADM tested in this study, ADM at 10 À9 M and 10 À8 M was ineffective, while at 10 À7 M, it promoted the differentiation of TSCs (Fig. 3) . Thus, an elevated ADM levels to certain threshold are required to exert its effect on stem cell differentiation. The plasma levels of ADM were reported to increase with the progress of pregnancy [13] , which could provide the stimulus in trophoblast differentiation. Placenta also produces large amounts of ADM and thus can be a major source of the elevated ADM during normal pregnancy [13] . This is consistent with a recent report that the expression of Adm in differentiated TGCs was increased by 5-fold [8] . In contrast, decreased maternal ADM levels are associated with adverse pregnancy outcomes, including reduced birth weight and increased risk for preeclampsia and gestational diabetes mellitus [29] . Infusion of ADM antagonist during early gestation [27] or late gestation [28] results in both fetal and placental growth reductions in the rat. Therefore, ADM of placental origin may be critical for normal pregnancy and perhaps may be involved in promoting TSC differentiation.
The effect of ADM on stem cell differentiation appeared to be mediated by ADM receptors consisting of CGRP receptor (i.e., CALCRL) and RAMP2. In this study, we used pharmacologic approaches to differentiate the involvement of RAMP2 or RAMP3 in ADM-induced enhancement of TSC differentiation. ADM , the ADM antagonist, primarily blocks the receptors consisting of CALCRL and RAMP2, and CGRP , a CGRP antagonist, has been shown to block ADM effects exerted through CALCRL and RAMP3 [9] . These antagonists were used in culture of stem cells in differentiation medium (Fig. 3) to assess specific RAMP involvement in this process. The stem cell differentiation-promoting ability of ADM was inhibited by ADM but not by CGRP (Fig.  3) , suggesting that RAMP 2 rather than RAMP3 may be involved in TSC differentiation. Because the mRNA expression of Ramp1 in rat TSCs as well as giant cells is extremely low, while expressions of Ramp2 and Ramp3 are relatively abundant (Gao and Yallampalli, unpublished data), we suggest any blocking effects of CGRP on ADM-enhanced differentiation may involve RAMP3 and not RAMP1. In addition, several studies demonstrated that RAMP2 is required for normal pregnancy and fetal development, and genetic deletion of Ramp2 is embryonically lethal [30, 31] , while genetic deletion of Ramp1 or Ramp3 does not cause a grossly abnormal phenotype [30, 32] . The genetic deletion of Ramp2 results in cardiovascular defects in the fetus, resulting in fetal death. In the current study, we show an additional role for RAMP2 involvement during pregnancy in promoting TSC differentiation.
This study found that both the phosphorylated MTOR protein levels and ratio of phosphorylated to total MTOR protein levels were increased by ADM treatment compared with control (Fig. 5) . We show for the first time that ADM can stimulate MTOR phosphorylation in the process of TSC differentiation. Phosphorylation of MTOR is a key step in the activation of MTOR-signaling pathway, which plays a critical role in regulating protein synthesis [33] [34] [35] . TGCs are active in protein synthesis in that a variety of protein hormones are synthesized and released from TGCs. As a result, these hormones may cause vascular remodeling and maternal adaptation to enhance the fetal growth [2, 36] . Thus, the versatile functions of ADM in pregnancy may be mediated, at least partly, by MTOR signaling in TGCs. This notion is supported by the following evidence. First, the PI3K-and AKT-involved pathway is critical for TSC differentiation [8, 26] . PI3K is an upstream component in the MTOR-signaling pathway, while AKT acts as either an upstream stimulator or downstream target of MTOR signaling [37] . Second, because the expression of Adm in differentiated TGCs was inhibited by PI3K inhibitors [8] , it is possible that a positive feedback exists between ADM and MTOR signaling. Third, gestational protein insufficiency results in restricted placental growth [38] , impaired TSC differentiation into TGCs [25] , and downregulated mTOR signaling [39] , which are associated with decreased expression of placental ADM (Gao and Yallampalli, unpublished data). 
GAO ET AL.
Although ADM appears to promote MTOR phosphorylation, the ADM antagonist was unable to inhibit the ADMinduced MTOR phosphorylation. Moreover, ADM antagonist itself or the combination of ADM and its antagonist in differentiation medium (Fig. 5) caused increases in the phosphorylation of MTOR. These results are difficult to explain; however, some of the aspects to consider are: first, the phosphorylation and dephosphorylation are dynamic processes and can happen within a few minutes, but in this study, we are assessing the endpoint effect of ADM and its antagonist on phosphorylation after 4 days of treatment. Second, some of these antagonists may exert agonistic functions under certain conditions [40] . Third, differentiated trophoblast cells may produce a large quantity of endogenous ADM [8] , which may have an effect on exogenous ADM antagonist.
In summary, we found that ADM enhanced the differentiation of TSCs to TGCs in the presence of differentiation For each parameter, the values of treatment were compared to those of control. The error bar represents the mean 6 SEM expressed as the ratio of density of the total or phosphorylated MTOR band to that of TUBB or the ratio of density of phosphorylated to total MTOR proteins (n ¼ 3). *P , 0.05.
ADM PROMOTES TROPHOBLAST DIFFERENTIATION medium and this stimulatory effect of ADM on TSC differentiation was mediated by ADM receptor consisting of CALCRL and RAMP2 and phosphorylation of MTOR. The involvement of MTOR in ADM regulation of TSC differentiation will help to understand the underlying mechanisms of trophoblast differentiation and relevant pregnancy disorders.
